The paper presents signal and image processing algorithms to automatically detect delamination and disbond in composite plates from wavefield images obtained using a scanning laser Doppler vibrometer (LDV). Lamb waves are excited by a lead zirconate titanate transducer (PZT) mounted on the surface of a composite plate, and the out-of-plane velocity field is measured using an LDV. From the scanned time signals, wavefield images are constructed and processed to study the interaction of Lamb waves with hidden delaminations and disbonds. In particular, the frequency-wavenumber ( f -k) domain filter and the Laplacian image filter are used to enhance the visibility of defects in the scanned images. Thereafter, a statistical cluster detection algorithm is used to identify the defect location and distinguish damaged specimens from undamaged ones.
Introduction
In recent years, there has been an increasing demand for structural health monitoring (SHM) that apprises users of the integrity and safety of the structure being monitored [1, 2] . SHM often infers the current condition of the structure based on a stream of data collected from installed sensors. Guided ultrasonic waves have emerged as one of the most prominent tools for SHM due to their well-established theories, ability to detect small damage within relatively large inspection areas, and recent advancements in transducer technologies used for guided wave sensing and excitation.
Guided waves are specific types of elastic waves confined by the boundaries of a structure.
For instance, when an isotropic plate structure is excited at a high frequency, 5 Author to whom any correspondence should be addressed. the top and bottom surfaces of the plate 'guide' the elastic waves to propagate in the directions of the plate, producing a specific type of guided waves called Lamb waves [3] [4] [5] . Various types of transducers can be used to excite and sense guided waves. The most commonly used transducers include angled piezoelectric wedge transducers, comb transducers, electromagnetic acoustic transducers and surface-bonded piezoelectric wafer transducers [6] [7] [8] [9] [10] . Some transducers, such as polyvinylidene fluoride (PVDF) and fiber optic sensors [11, 12] , are mainly used for sensing applications. Although each transducer mentioned above has its own set of strengths and weaknesses, all are primarily used for discrete point measurements. Therefore, a dense array of transducers is required to achieve a good spatial resolution and cover a large inspection area. Moreover, the embedding of sensors and the associated instrumentation can be a source of additional mass and may disturb elastic waves.
A potential solution to this problem to use non-contact scanning laser techniques to create wavefield images with a high spatial resolution [13] . One such technique is to excite a fixed point using a conventional piezoelectric transducer and scan the guided wave response across the surface of the structure using an LDV [14] [15] [16] . Previous works in this field include the detection of fatigue cracks from the variation of the ultrasonic amplitude profile [14, 15] and the use of f -k domain filtering to locate scatterers in the ultrasonic medium, some of which could be defects [16] . Another technique is to use a pulsed laser source to generate guided waves at arbitrary locations, then corresponding responses are measured at a single point using a conventional ultrasonic transducer. The wavefield images are then constructed using the principle of dynamic reciprocity [17] [18] [19] . Note that the wavefield imaging discussed above is different from the traditional phased array ultrasonic imaging techniques in which time-of-flight or wave attenuation information is used to image all reflectors in the ultrasonic medium [20, 21] . Alternatively, fully noncontact ultrasonic C-scans may be performed using laser based ultrasound generation as well as sensing [22] .
In a recent study, unique wave patterns were observed to arise when ultrasonic waves interact with delamination, and signal and image processing techniques were proposed to extract such unique patterns from the original wavefield, thereby highlighting the damage location in the scan image [23] . In this paper, image processing algorithms are proposed to automatically detect the presence of damage from the scan images without requiring human intervention and extend the concept to disbond detection. This paper is organized in two main sections. Section 2 describes the signal and image processing techniques to automatically detect delamination from the original scanned wavefield data. The techniques are experimentally verified on a composite plate specimen with an impact-induced delamination. Section 3 provides parallel experimental results for a composite plate with a blade induced disbond. The paper concludes with a brief summary and critique in section 4.
Delamination detection in a multi-layer composite plate
In this section, experimental wavefield images from a composite plate with an internal delamination are obtained using an LDV. Standing waves are formed when ultrasonic waves interact with the delamination, and signal and image processing techniques are proposed to highlight such interactions.
Thereafter, a statistical image processing technique is developed to distinguish between images obtained from damaged specimens and those obtained from undamaged ones.
Experimental setup
The composite plate tested in this study is shown in figure 1 . The 27.5 cm × 27.5 cm × 1.8 mm plate is composed of IM7 graphite fibers with 977-3 resin material, and consists of 12 plies with a layup of [0/±45/0/±45] s . The test article was subjected to impact, and the formation of an internal delamination near the center of the plate was confirmed from independent nondestructive thermographic imaging, as shown in figure 2. The 3 cm long damage area could be seen on the back side of the plate shown in figure 1 , but only a small dent, barely visible to the naked eye, was visible on the front (impacted) side. Figure 3 shows the overall configuration of the experimental setup.
A piezoelectric wafer transducer (6.35 mm diameter × 0.254 mm thick, PZT-5A material) was powered by an arbitrary waveform generator (AWG), and a signal amplifier was used to generate guided waves in the test article. The guided wave responses within the specified area were sensed by the LDV, and the data were collected by a builtin data acquisition system. The data were then exported to the MATLAB ® software program and processed on a personal computer.
A 5.5 cycle tone burst signal with 100 kHz center frequency was used as the input waveform. The output voltage from the AWG was ±10 V and was amplified to ±50 V using a power amplifier before being applied to the actuator. One of the eight piezoelectric transducers was designated as the actuator (figure 1).
The guided waves were measured by a Polytec PSV-400-M4 scanning LDV. The 1D vibrometer used in this study measures the out-of-plane velocity of a target point using the principle of the Doppler frequency-shift effect on light waves [24] . For the 100 kHz excitation used in this study, only the fundamental symmetric and anti-symmetric modes are excited. The dispersion curves up to 150 kHz calculated using the bulk material properties along two principal orthogonal directions of the composite plate are shown in figure 4 . Furthermore, the out-of-plane velocity component of the anti-symmetric mode is more strongly excited than that of the fundamental symmetric component. Therefore, the 1D laser vibrometer predominantly measures the anti-symmetric mode [25] . The wavelength corresponding to the fundamental anti-symmetric Lamb mode was found to be about 1.2 cm.
The laser vibrometer was placed about 0.9 m away from the test article, and the sensitivity of the velocity measurement was set to 10 mm s −1 V −1 . The spatial grid density was 9 points per centimeter and the temporal sampling rate was 2.56 MHz. The time response at each measurement point was averaged 20 times to improve the signal-to-noise ratio, and a 75-125 kHz band pass filter was applied to reduce noise outside the driving frequency band. Approximately 40 min were required to scan a circular area with 5 cm radius containing about 6400 scan points (figure 1).
Standing waves produced by delamination
The data are stored in a universal file format and exported to the MATLAB ® software program. The raw data contain time signals from each of the scanned points. Using MATLAB ® graphic tools, a wave propagation video is created where each frame in the video represents the out-of-plane velocity field across the scanned surface of the target specimen at a particular instant in time. Snapshots at three representative time instants are shown in figure 5 . All images are plotted in RGB scale where low to high values are mapped from blue to red with green indicating middle range values. The location of the delamination is marked with a box in figure 5. In figure 5 (a), the incident waves can be clearly seen, and the interaction with the delaminated area is apparent in figure 5 (b). Ultrasonic oscillations at the delamination location can be observed long after the incident waves had passed the delaminated area (figure 5(c)). A similar phenomenon was observed by Krohn et al [26] and Willemann et al [27] , and a possible explanation for this phenomenon is given below. Figure 6 shows a schematic through-the-thickness side view of a delamination. The incident waves enter the delamination zone, split, and then propagate independently through the upper and lower laminates. A significant portion of these waves is reflected back from the exit. The reflected waves travel through the laminates and undergo reflection again at the original entrance. Numerical simulations by Hayashi and Kawashima using the strip element method have confirmed such multiple reflections taking place inside the delaminated zone [28, 29] . As a consequence of multiple reflections at the entrance and the exit of the delaminated area, a considerable amount of ultrasonic energy is trapped inside the individual laminates. Now, the ultrasonic waves reflected from opposite ends of the delamination travel in opposite directions and interfere to produce standing waves according to the following equation: A cos(ωt − kx) + B cos(ωt + kx + φ)
Standing wave
In equation (1), A and B are the amplitudes of the waves propagating in opposite directions (B < A without loss of generality); ω and k are the frequency and wavenumber of the propagating waves; φ is an arbitrary phase; t and x represent time and space coordinates, respectively; andx is the zeroshifted coordinate given byx = x + φ 2k
. The first term in the right-hand side of the equation represents the standing waves at delamination while the second one represents the part of the wave that propagates. The standing waves remain trapped inside the delamination site long after the incident waves have passed. With time, however, the standing waves subside as the ultrasonic energy leaks out through the boundaries of the delamination and attenuates. Equation (1) describes the propagation and interference of pure longitudinal waves or pure shear waves. Although the equations describing Lamb waves would be more complex, equation (1) captures the essence of standing wave formation.
Filtering techniques used to highlight delamination
Next, we propose a 'standing wave filter' which is essentially a signal processing technique to isolate only the standing wave components from a given wavefield. The first step is to convert the velocity field (v) from the space-time domain (x, y, t) to the f -k domain (k x , k y , ω) using a three-dimensional Fourier transform (3D FT) [16] :
Here, V (k x , k y , ω) corresponds to the wavefront of frequency ω traveling in the vector direction −k xx − k yŷ , wherex and y are the unit vectors along the x and y axes, respectively. A standing wave can be viewed as a superposition of two waves of equal amplitude propagating in opposite directions over the same spatial region at the same time instant. If the two waves traveling in opposite directions have different amplitudes, then the amplitude corresponding to the weaker wave will be the amplitude of the standing wave, as described in equation (1). Therefore, standing waves can be obtained from
as follows:
where the subscript sw stands for standing waves. The processing steps described in this section are all implemented in MATLAB in the discrete-time paradigm. The range of ω in equation (3) is below the Nyquist frequency. The portion of V sw above the Nyquist frequency is modified to force the conjugate symmetry condition. Upon filtering, the residual signal can be transformed back to the space-time domain using an inverse 3D FT:
This filtered wavefield v sw (x, y, t) contains only standing wave components that are present in the originally scanned wavefield. For example, if the process described above is applied to the wavefield in equation (1), the resulting field will only contain the standing wave component:
). Figure 7 shows the time sequenced wavefields when the originally measured wavefield images in figure 5 are passed through the standing wave filter. The incident waves in figure 5(a) are filtered out in figure 7(a) . In figure 7 (b), standing waves can be observed at the delamination location. Although mitigated, standing waves are found to be present long after the incident waves have passed ( figure 7(c) ).
To visualize the total amount of standing wave energy experienced at location (x, y) at time t, a mass-normalized value of the cumulative kinetic energy (E sw ) is computed as follows: The cumulative energy field when plotted at the end of the scanning duration (180 μs) helps to locate and visualize the delamination ( figure 8 ).
Another way to highlight the interaction of ultrasonic waves with delamination is by simply considering the total amount of ultrasonic energy that has passed through a certain point. As standing waves are formed, ultrasonic energy remains trapped inside the delamination region for a longer time as opposed to other locations where the incident or reflected waves are present only for a short time. Therefore, by computing the accumulated mass-normalized kinetic energy (E c ), it is possible to accentuate the delamination location in the entire scanned area (figure 9) [27] :
Of course, if the distance between the actuator PZT and the damage is relatively large, then E c at the delamination would be smaller compared to E c in the near-field of the PZT. In this case, the attenuation of the ultrasonic wave would take precedence over standing wave formation. However, we do expect to see a sudden rise in E c in the delaminated area compared to its immediate neighborhood. In contrast, the energy drop due to attenuation is less sudden. This effect is somewhat visible in figure 9 . In the following paragraph we describe a method to extract this feature of sudden energy rise due to standing wave formation while suppressing the relatively smoother change in energy level due to attenuation. The visual indication of the delamination can be enhanced even further by image processing. A well-known blob detection algorithm called Laplacian image filtering [30] is applied to the image in figure 9(c) to produce figure 10. A Laplacian filter is a discrete spatial second derivative operator that detects sudden intensity changes in an image. The level of discretization is the same as the grid spacing of the scanning laser vibrometer. The second derivative is computed from the convolution of a Laplacian mask with the original image. The Laplacian mask (L) used in the filter is given by
It can be observed from figure 9 that only the sudden intensity rise due to standing wave formation is captured by the Laplacian filter. The gradual variation of intensity due to attenuation is considerably suppressed.
Based on the theory proposed in section 2.2, the damage detection technique discussed in this paper is expected to be effective for delaminations only. A small cut or a crack running perpendicularly to the surface of a thin plate cannot produce standing waves. The basis of standing wave formation is that the defect boundary must enclose a sizable area within which the waves experiencing multiple reflections from the boundaries will interact. Unlike delaminations, a cut or a perpendicular crack does not enclose an area, and therefore standing waves are not formed in the presence of such defects.
It is postulated at this point that the area enclosed by the delamination boundary should be of comparable dimensions to the spatial length of the probing ultrasonic waveform. If the delaminated area is too large, the waves reflected from the defect boundaries will cross each other without forming a stable standing wave. If the area is too small, the waves would hit the boundaries too often and leak out of the damaged area too quickly to form a stable standing wave. A more detailed study of the effect of damage size on the damage detection algorithm (including the Laplacian filtering) is envisioned as part of future work.
Automated damage detection
The image processing techniques described so far make the defect region conspicuous in the background of the entire scan area, thereby making it easier for investigators to identify and locate the damage. However, manual monitoring of the infrastructure is time and labor intensive. Automated damage detection can significantly reduce the cost of infrastructure monitoring. In this subsection, we describe a procedure to automatically detect the defect location from the processed scan images. This automatic detection algorithm needs not only to detect the damage but also to correctly recognize undamaged objects.
The result from a representative undamaged composite plate specimen is shown in figure 11 , after the original wave propagation image has been processed using the Laplacian filtering technique described earlier. It can be observed that high intensity values in the processed scan image (red dots) from the delaminated specimen (figure 10) are clustered together in the defect region while the high intensity values in the undamaged specimen scan (figure 11) appear scattered across the scan area, especially near the outer boundary of the scan area. The latter can be explained by the working principle of a laser Doppler vibrometer. In the case of one-dimensional laser vibrometers, which measure the out-of-plane velocity component, the signal-to-noise ratio of the measured ultrasonic signals drops as the laser incidence angle increases [24] . In our experiments, the laser head was placed directly over the center of the scan area, which resulted in slant incidence (nearly 5
• ) of the laser beam towards the edges and therefore caused a deterioration in the signal-to-noise ratio (SNR) at the edges. In figure 11 , the actuator PZT was placed near the bottomleft corner of the scanned area. This explains the lower SNR and greater number of error points at the top, especially at the top right-hand side of the scanned area. Note that figure 11 shows the scanned image after Laplacian filtering, which is in effect a spatial second derivative operator. Therefore, the scattered high intensity dots in this image are interpreted as noise resulting in higher fluctuation in the field intensity rather than a higher value of the field intensity itself.
The automated damage detection algorithm is designed in two steps. In the first step, the high intensity values are identified using outlier analysis. In the second step, a cluster analysis is performed to check whether the outliers detected from the previous step are clustered or scattered. It is assumed that there is only one defect in the scanned area. This is a reasonable assumption considering that we might be able to detect damage at one location before damage at another location occurs.
The first step in the algorithm is to detect the high intensity outliers in the scan image. In this research, three sigma outlier detection [31] is utilized. Consider a unimodal distribution with mean μ and standard deviation σ . The probability that a random variable will assume a value more discordant than (μ ± 3σ ) is less than 5% [31] :
This probability is even lower when we just consider values over (μ + 3σ ). Since the intensity distributions in the processed images are found to be approximately unimodal (e.g. figure 12 ), equation (8) is used to detect the high intensity outliers. The outliers detected in the processed scan images from the undamaged and damaged specimens are shown in 
Figure 13.
Outlier intensity values identified in the processed scan image ( figure 11 ) from the undamaged composite plate.
figures 13 and 14 respectively. As expected, the outliers in the damaged specimen scan are clustered at the defect location while those in the undamaged specimen scan are scattered, especially near the boundary. Once the outliers are identified, a cluster detection algorithm is used. The process is based on the complete spatial randomness (CSR) hypothesis, which assumes that if there is no apparent cluster in a spatial distribution of points, then the points are randomly distributed in space with Poisson distribution [32] . The Poisson parameter, λ, is given by
where n is the number of outliers and A is the scan area. Under this hypothesis, one can argue that the area enclosing r outliers (A r : 1 r n) is gamma distributed with parameters a and
The probability density function (pdf) of A r is given by
where is the symbol for the gamma function. We thereby define the test statistic for cluster detection in the following manner. First, the coordinates of the centroid of the outlier points are evaluated. Then, the distance from the centroid to each outlier point is computed and arranged in ascending order. Let this distance be d r for the r th outlier point in the sorted distance array. Then, the probability, p r , that the circle with radius d r would contain r points without damage is
where a r = πd 2 r . This probability p r is evaluated repeatedly for each outlier point 1 r n, and a P-value is computed as the average of these n probability values:
The P-value is the level of significance with which the outlier points are scattered randomly and are not clustered in space. Therefore, in our application, a lower P-value would indicate damage. Using the above procedure, the P-value for the delaminated composite specimen was found to be 0.04% while for the undamaged specimen the P-value was 65%. It is expected that a larger defect size will result in a smaller Pvalue because more outliers will be clustered in the defect area. While the P-value is not directly related to the distribution of the intensity values (as shown in figure 12 for example), the distribution indirectly influences the P-value by affecting which intensity values would be classified as outliers. The threshold P-value (to distinguish damaged and undamaged specimens) for a particular application is to be chosen by the user depending on the desired level of confidence in the damage indicator. As a closing note to this section, the cluster detection algorithm described in this study is not fit for detecting multiple clusters. Therefore, the presence of more than one defect in the scanned area might confuse the cluster detection algorithm and result in missing the presence of damage (false negative).
Disbond detection in a composite wing with multiple spars
In this section, wavefield images are presented from a composite wing specimen with a blade induced disbond between the wing surface and one of the spars. Once again, the Laplacian image filtering technique described in section 2.3 was found to be effective in highlighting the damage location, and the statistical spatial image processing technique described in section 2.3 was used to identify the defect automatically.
The composite specimen tested for disbond is shown in figure 15 . This 11.8 cm × 15.7 cm × 2 mm plate is fitted with three composite spars and has a 4 cm × 6 cm area removed from the top right corner. The details of the fabrication materials were not provided to the authors. A blade induced disbond was introduced between the wing surface and the base of one of the spars, as shown in figure 15 . The disbond is semicircular in shape and about 1.2 cm in diameter.
The input signal, data acquisition settings and vibrometer settings were identical to those in section 2.1. The scan was done on the external surface of the wing (i.e., on the opposite side to what is shown in figure 15 ). The scanned area was a 8.8 cm × 8.2 cm rectangle containing about 6000 scan points. The longest disbond dimension was 2 cm and the wavelength of the fundamental anti-symmetric mode was about 1.5 cm. Figure 16 shows snapshots of wave propagation in the structure at certain time instants. The location of the disbond is marked with a box in figure 16 . As can be observed from figure 16(b) , the out-of-plane velocity of the ultrasonic wave is comparatively high at the disbond location. This is more evident from the accumulated kinetic energy images in figure 17 . Unlike delamination, a disbond is not bounded on all sides, and a substantial part of the waves reflected from the edge of the disbond escapes through the open end of the disbond ( figure 18 ). Therefore the standing waves which are formed in a delamination do not occur in the case of a disbond. Notice that, unlike figure 5(c), standing waves are not observed in the disbond area in figure 16(c) . However, convergent waves reflected from a roughly semicircular disbond edge (as is the case here) remain inside the disbond region at least momentarily and interfere with the incident waves ( figure 18 ). This interference causes high amplitude oscillation inside the disbond region and provides an explanation for the higher accumulated energy observed at the disbond location in figure 17 . The effect of such interference, however, is not as pronounced as it was in the case of standing wave production due to delamination (section 2). In fact, one can see from figure 16 that the level of accumulated energy in the disbond area is hardly greater than that caused by ordinary interaction of the incident waves with those reflected from the spar. Still, the Laplacian image filter was found to be effective in highlighting the sudden intensity rise at the disbond location ( figure 19 ), although the performance of the filter was not as dramatic as it was in the case of the delamination (section 2.3). As a note, the application of a standing wave filter does not help in the case of disbond detection (which is expected). The statistical image processing technique described in section 2.3 resulted in a P-value of 10%. A few outliers are found outside the defect area where the ordinary interaction between incident and reflected waves produced speckled patterns with energy levels comparable to that in the disbond area (figure 20). These outliers away from the defect location pull the centroid towards them and confuse the algorithm to some extent, resulting in a relatively higher P-value.
Conclusions
This paper studied the applicability of non-contact wavefield imaging techniques to detect delamination and disbond in composite structures. A piezoelectric transducer was used to excite guided ultrasonic waves in the target structure and a laser vibrometer was used to image the resulting ultrasonic velocity field. The wavefield images thus obtained were further processed to highlight the defect location in the entire scan area. In particular, two novel processing techniques are proposed in this paper: a standing wave filter and a Laplacian image filter. Both were found to be effective at detecting delamination, while the latter was also found to be capable of detecting disbonds. By applying both the processing techniques to a scanned image, one can differentiate between a delamination and a disbond. Furthermore, a statistical spatial image processing technique was proposed to identify and locate the defects automatically from the scan images without needing human intervention. There are certain limitations and opportunities for improvement of the spatial damage detection algorithm. Multiple clusters of outliers resulting from multiple damage will confuse the cluster detection algorithm developed in this study. Also, the centroid detection of the cluster needs to be robust to points outside the cluster. These are envisioned as part of future work.
